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Introduction
A number of gene transfer systems have been developed to deliver foreign DNA to specific cell types via the receptor-mediated endocytosis pathway. [1] [2] [3] [4] [5] [6] [7] [8] [9] A carrier, usually composed of a polycationic protein chemically conjugated to a receptor-specific ligand, is used to condense DNA and present it to the target cell. Careful manipulation of the concentration of NaCl can produce complexes, containing a single plasmid DNA molecule, ranging in size from 10-25 nm in diameter. 2, 3, 5, 9 Previously, we demonstrated that such DNA complexes could be targeted to hepatoma cells bearing the serpin enzyme complex receptor (SEC-R), using a synthetic peptide ligand (peptide C1315) based in sequence on amino acids 346-374 of human ␣ 1 -antitrypsin. 9 Gene transfer via this system resulted in expression of reporter genes for 6 to 8 days. 9 The SEC-R is expressed on such cell types as mononuclear phagocytes, neutrophils, hepatocytes, the myeloid cell lines U937 and HL60, human intestinal epithelial cell line Caco2, mouse fibroblast L cells, rat neu-Some of these cell types are good targets for therapeutic gene transfer. Thus, this system deserves further investigation.
Ledley and Ledley 15 attempted to predict the level and duration of action of therapeutic genes through studying the kinetics of the various processes which affect DNA stability and delivery. However, for receptor-mediated gene transfer, little has been done to examine experimentally the relation of the structure of the protein portion of these complexes to the intensity and duration of gene expression, in part because it is difficult to verify the composition of chemically coupled protein conjugates. Wagner and colleagues 6 studied the relation between the extent of substitution of poly-l-lysine (poly K) with transferrin molecules and the efficacy of gene transfer. More substituted poly K complexes achieved less gene transduction. Erbacher and colleagues 16 examined a number of different poly K/galactose conjugates for efficacy in vitro. Polymers, 190 residues in length, substituted on 30-40% of the K residues with galactose moieties gave maximal expression intensity in the presence of chloroquine, compared with shorter chain length polymers substituted to a lesser extent. However, results from complexes with small moieties like galactose may differ from complexes with larger ligands. In addition, neither the effect on the structure of the conjugate/DNA complexes nor the effect on duration of expression was analyzed. Furthermore, chloroquine enhances both specific (receptor-mediated) as well as nonspecific uptake. Thus, the observed behavior of these conjugates might represent not only changes in receptor-specific delivery, but changes in nonspecific uptake as well.
To examine the relation of the degree of substitution with ligand or coupling reagent, and peptide ligand to intensity and duration of gene expression, in gene carriers targeting the SEC-R, we prepared conjugates using two different peptide ligands coupled to varying extents to poly-l-lysine polymers of different chain length. The extent of ligand substitution affected duration and intensity of expression. Some of the new complexes gave substantially better intensity and duration of gene expression than the complexes studied in our original report and markedly enhance the therapeutic potential of this system. In addition, further understanding of the structurefunction relationship of these DNA complexes will aid in the design of future applications.
Results
NMR analysis of the C105Y and C1315 peptides Construction of the protein conjugates of poly K to the C105Y and C1315 peptides was monitored by NMR, both at the step of sulfo-LC SPDP modification of poly K, and at the step of conjugation of the peptides to modified poly K. This procedure enabled us to calculate the ratio of polymer to linker to peptide. Key to the analysis is the presence of unique aromatic proton resonances for both the sulfo-LC SPDP conjugated to poly K and for the peptides conjugated to SPDP-poly K. The spectrum of unmodified poly K is shown in Figure 1a . Figure 1b shows the proton NMR of sulfo-LC SPDP conjugated to poly K (10% sulfo-LC SPDP mole ratio). The three reson- ances that appear at 7.4, 7.9 and 8.5 ppm represent the four aromatic protons (H3, H4+H5 and H6, respectively) of the sulfo-LC SPDP 2-sulfhydryl pyridine group. Integration of these resonances relative to the alpha protons of poly K reveal that one in 14 lysine side chains have reacted with the reagent. Conjugates prepared with sulfo-LC SPDP in a ratio of one to 20 lysines were found to contain one in 27 lysine residues substituted. Polymers reacted with 10% linker (one sulfo-LC SPDP per 10 lysines) were found to contain one in 12.8 residues modified, while polymers reacted with 33% linker (one sulfo-LC SPDP per three lysines) contained one in 3.8 residues modified. Based on the molar ratios of poly K polymers to sulfo-LC SPDP during the coupling reaction, this reaction was on average 77% efficient.
Treatment of the poly K/sulfo-LC SPDP conjugate with dithiothreitol cleaved the two disulfydral pyridine ring and following dialysis, resulted in the nearly complete disappearance (99%) of the aromatic hydrogens (data not shown). Therefore, dialysis is efficient in removing unreacted sulfo-LC SPDP and low molecular weight products from the reaction mix, and the NMR spectrum represents only materials covalently bound to poly K.
1 H NMR analysis of the C1315/poly K and C105Y/ poly K conjugates, shown in Figure 1c and d, respectively, indicates that conjugation with the peptides has occurred by the disappearance of the sulfo-LC SPDP aromatic protons and by the appearance of new aromatic proton resonances in the region of 7 to 9 ppm. Peptide C105Y, the more soluble of the two ligands used, contains two Phe and one Tyr residues, the protons of which would be expected to have chemical shifts in this region. As expected, the Phe proton resonances appear at 7.3 ppm, while the Tyr protons appear at 6.85 ppm ( Figure  1c ). In addition, methyl proton resonances, 1 to 0.8 ppm, representing the 39 methyl protons expected from the Ile, Val and Leu residues of C105Y, provided similar quantification. The C1315 peptide contains four Phe and one His residues which would be expected to appear in this region. However, the large number of resonances observed was unexpected (Figure 1d ). The appearance of multiple aromatic resonances suggests the Phe and His (Figure 2a ). Thus free peptide appears to be soluble and denatured under these solvent conditions.
The proton NMR spectrum of C1315 conjugated with poly K in DMSO/D 2 O reveals multiple aromatic resonances at 25°C, as was the case with C1315-poly K conjugates in D 2 O (Figure 1d ), suggesting that the bound peptide C1315 is not denatured under these conditions. These resonances were shown to be due to bound peptide and not contaminants by obtaining spectra at elevated temperatures ( Figure 2 ). Progressive increase in tempera- Integration of conjugate proton resonances provided actual ratios of polymer to linker to peptide. Both peptides had similar coupling characteristics. For reactions where 0.1%, 0.5%, and 1.5% peptide was added to polymer, 0.017% (one in 5882 lysine residues modified), 0.097% (one in 1039 residues modified), and 0.27% (one in 370 residues modified) actually reacted, respectively. We calculate that modification with peptide was on average 20% efficient. Actual substitution results are summarized in Table 1 .
Structure of gene transfer complexes by EM and AFM Since complex size influences gene transfer, we examined our complexes by EM, as well as AFM. Solutions used to make complexes were examined separately and contained no structures. Electron microscope examination (Figure 3a and b) of constructed complexes (n = 8, 50 particles measured) demonstrated that DNA condensed with more substituted poly K formed complexes (20 ± 0.7 nm diameter; range 18-22 nm) which were larger than those constructed with less substituted polymer (17 ± 0.5 nm; range 15-19 nm). The complexes appeared spheroidal in shape by rotary shadowing. All complexes constructed with polymers substituted 26% with linker failed to condense DNA effectively (data not shown). Increase in the substitution of poly K correlated with an increase in diameter of condensed DNA particles (P Ͻ 0.05).
To examine complex structure and the effect of polymer manipulation on particle size further, we utilized AFM to examine the same eight conjugates examined above. This technique enabled us to analyze both dry and hydrated complexes, and also to examine their three dimensional structure. Again 50 particles were measured. Analysis of dried samples revealed a similar pattern as had been observed with electron microscopy (Figure 3c and d). The least substituted poly K polymers condensed DNA into more compact particles 31 ± 0.8 nm in diameter (range, 28-34 nm) while more substituted polymers condensed DNA into less compact particles 35 ± 0.5 nm in diameter (range, 33-37 nm). Complex height was similar among different substitution groups (16 ± 0.8 nm; range, 13-19 nm). Again, polymers substituted with 26% linker failed to form tightly condensed DNA particles (data not shown). In addition, increased substitution of the polymers resulted in less compact complexes (P Ͻ 0.05). Figure 3c and d demonstrate the increase in average complex size observed in complexes containing the more substituted polymers.
To elucidate the structure of hydrated complexes, we examined the complexes in water. Although a general increase in the particle diameter (ෂ50-60 nm) and height (ෂ20 nm) was observed ( Figure 3e and f), the pattern seen with dried complexes persisted. Less substituted polymers produced DNA complexes condensed into more tightly compact particles.
Experimental strategy
We designed experiments to test two aspects of complex construction -the role of the specific ligand, and the contribution of the degree of substitution of ligand (and linker) of the poly K molecule. Two different approaches were employed. For the first set of experiments, termed here as 'random substitution' experiments, poly K of different chain lengths was first substituted to three different extents with the heterobifunctional cross linker sulfo-LC SPDP. Each of the resulting substituted polymers was coupled to three different extents with either the C1315 or the C105Y ligands. Because statistical analysis revealed the results of these experiments to be quite complex with respect to linker and ligand substitution, we designed a second set of experiments, termed here 'ligand dilution' experiments. For these studies, we used the information on coupling efficiencies observed in the 'random substitution' experiments to produce poly K molecules substituted, on average, with a single sulfo-LC SPDP linker coupled to a ligand peptide. Each of these preparations was then mixed with unsubstituted poly K ('diluted') and then condensed with plasmid DNA to give complexes with a defined number of ligands.
Luciferase expression and controls
All transfections with complexes containing polymers linked to ligand produced significantly greater luciferase expression than transfections with DNA alone (n = 27, P Ͻ 0.001), DNA condensed with unmodified polymer in the presence of linker (n = 48, P Ͻ 0.005), and DNA condensed with linker modified polymer (n = 36, P Ͻ 0.005). Transfections with lipofectin-DNA complexes, used as a positive control, resulted in a peak expression (2 days after transfection, 10 6 ILU/mg protein) eight-fold lower than the average peak luciferase obtained with ligand containing complexes (approximately 10 7 ILU/mg protein). Expression from lipofectin transfection disappeared by 8 days. Statistical analysis showed that all transfections with constructed conjugates (with the exception of the 26% linker substituted poly K) gave higher than expression transfections using lipofectin (P Ͻ 0.05). Figure 4c demonstrates lipofectin and unsubstituted poly K control values obtained over an 8-day period.
Effect of linker substitution on intensity of expression
Linker modification occurs at the primary amines of the lysine, as well as at the N-terminal amine of the poly K polymer. This substitution results in the loss of the positive charge at the modified amine and its neutralization. The decrease in the number of charges on the polymers lowers their affinity to DNA, and thus we investigated the effect of linker modification on transfection efficiency. DNA condensed with conjugates substituted 26% with linker failed to transfect the HuH7 cell line (n = 27) and was no longer studied. Linker substitution rate (3.5% versus 7.8%) had mixed effects on duration of expression and depended on the ligand used. Sulfo-LC SPDP modification in conjugates substituted 0.017% with either ligand had no significant effect on intensity of expression ( Figure 4 ). When the polymer was substituted with 0.27% ligand, conjugates containing 3.5% linker produced fivefold higher peak expression (4 days, P Ͻ 0.01) compared with conjugates containing 7.8% linker (Figure 4a) . Thus, the effect of linker substitution (3.5% versus 7.8%) on intensity of expression was complex and varied with the specific ligand and the degree of substitution. All complexes of DNA condensed with the polymers substituted with linker but no ligand, failed to transfect cells (Figure 4c ).
Effect of ligand and ligand substitution rate on expression and duration
We compared the effects of two ligands for the SEC receptor. Previously, we demonstrated that C1315, the longer and less soluble of the two peptides, binds the receptor with half the affinity of C105Y. The C105Y peptide containing complexes produced longer lasting expression than comparably substituted complexes with the C1315 peptide. Initial peak expression, however, did not differ between the two peptides. Rate of polymer substitution by ligand had a significant effect on the ability of constructed conjugates to transfect cells durably, as exemplified in Figure 4 . Cells treated with more substituted polymers expressed approximately five-fold less luciferase than those treated with less substituted complexes. Conjugates containing one ligand per 5882 (0.017%) lysines resulted in the highest peak intensity (P Ͻ 0.05), while those containing one ligand per 1035 (0.097%) lysine or one ligand per 375 (0.27%) lysine resulted in more durable expression at 16 days (P Ͻ 0.01).
Ligand dilution experiment
Due to the complexity of the random substitution results, we designed a simpler experiment to investigate the optimal ligand to DNA ratio. We assumed that all of the conjugate added to DNA during the condensation step complexes with the plasmid. The size of the plasmid (5.22 kb) gives the number of negative charges (10 440 
Discussion
Our previous study demonstrated that complexes consisting of expression plasmids tightly condensed (18-25 nm in diameter) with poly K conjugated to the C1315 peptide, can effectively target exogenous DNA specifically to cells bearing the receptor. 9 Complexes that contained conjugates with 7.8% of the lysines substituted with SPDP and approximately 40 C1315 ligands per DNA plasmid molecule, gave peak luciferase expression about 30-50% of peak luciferase activity obtained using lipofectin. Modulation of the protein portion of the complex while keeping the DNA portion constant produced complexes which gave peak luciferase expression eight-to 20-fold higher than expression from lipofectin-complexed plasmids. Thus, substantial improvement in the intensity of gene expression was achieved. In addition, some complexes gave duration of gene expression that was considerably prolonged compared with complexes used in our previous report. Systematic variation of the degree of linker and ligand substitution of poly K gives insight into the properties of these complexes which are necessary for optimal intensity and duration of expression of genes delivered by receptor-directed molecular conjugates.
The SEC-R system affords a number of advantages for these studies. There is a reliable, easy-to-grow cell line that expresses the receptor in abundance. Ligand can be synthesized by solid phase synthesis in essentially unlimited quantity, and the small size of the peptide ligands that contain aromatic residues, as well as the repetitive nature of poly K, allow us to assess the coupling of both the C105Y and C1315 peptides to poly K polymers by NMR. We can thus determine the actual rate of substitution, even if it is quite low, due to the sensitivity of NMR. This ability to assess substitution allows us to determine the number of ligands per lysine residue, and in turn, per DNA molecule necessary for optimal expression. Using this system, we tested the effect of changing the ligand and the degree of substitution of the poly K.
Polymers substituted 26% by sulfo-LC SPDP linker failed to condense DNA into compact complexes as assessed by EM, and the resulting mix failed to transfect HuH7 cells. Since no cell death was associated with these highly substituted complexes, the interference of excessive linker substitution with DNA condensation probably causes these conjugates' lack of efficacy. Complexes in which poly K was substituted with either 3.5% or 7.8% sulfo-LC SPDP gave efficient transfection. These results are consistent with reports that poly K substituted to a high extent with transferrin moieties condensed DNA into complexes which achieve less gene transduction than less substituted poly K. 6 In contrast, Erbacher and colleagues 16 found that polymers 190 residues in length, substituted at 30-40% with galactose moieties, gave maximal expression intensity in the presence of chloroquine. However, the galactose-substituted polymer differs from our system. Even unsubstituted linker (nine carbon chain) is larger than galactose and may account for the higher interference apparently caused by sulfo-LC SPDP. In addition, the use of chloroquine may change the properties of the system. Both EM and AFM (both dry and hydrated) results indicate that increased substitution of polymers resulted in less compacted complexes. Complexes observed on AFM appeared 5-10 nm larger in diameter, but also flatter, than the respective complexes observed on EM which appear more spheroidal. Thus, although the two methods of complex size analysis revealed similar trends, the absolute size and shape estimates of complexes were different. Hydrated complexes, observed on AFM, were even larger (approximately 10 nm) than the same complexes dried on to mica chips. Thus, it is likely that complexes lose volume after drying and are actually larger when in solution. Conjugates substituted to a higher
Figure 3 Microscopic analysis of SEC-R ligand containing DNA complexes. Complexes formed used high salt conditions (ෂ1 m) were diluted 10 times and immediately pipetted on to a 1000-mesh electron microscope carbon grid (EM; a, b) or on to 2 cm × 2 cm Mica wafer (AFM). For EM the complexes were then fixed, blotted and stained with 0.04% uranyl acetate. For atomic force microscopy (AFM) the preparations were either dried for 3 h (solid phase AFM; c, d) or immersed in water in a sealed chamber, incubated for 1 h (hydrated AFM; e, f) and then scanned by a Nanoscope III atomic force microscope. For all photographs, the plasmid was SV40 pGL3 control (5.22 kb). The protein portion of the complex was: (a) 22.5 kDa poly K containing 3.5% sulfo-LC SPDP and 0.017% C105Y ligand; (b) 22.5 kDa poly K containing 7.8% sulfo-LC SPDP and 0.27% C105Y ligand; (c) 22.5 kDa poly K containing 3.5% sulfo-LC SPDP and 0.017% C105Y ligand; (d) 22.5 kDa poly K containing 7.8% sulfo-LC SPDP and 0.27% C105Y ligand; (e) 22.5 kDa poly-l-lysine substituted with linker at 3.5% and C105Y ligand at 0.017%; (f) 22.5 kDa poly-l-lysine substituted with linker at 7.8% and C1315 ligand at 0.27%. Gray scale indicates height of complexes; arrows indicate complexes; bar, 100 nm.
extent formed larger complexes with DNA. A complex interaction between linker and ligand conjugation was observed in the random substitution experiment. When we considered ligand density linker density and ligand identity (C1315 versus C105Y), it was not possible to predict the effect of one of these parameters without specifying the others. In addition, in the 'random substitution' experiment, many more substituted lysine residues contain no ligand than contain ligand. This may account for the slight variation in the optimal number of ligands per molecule of DNA observed in each experiment. Complexes containing 5-40 ligands (in the 'dilution' experiment, in which every linker is bound to ligand) gave similar intensity of expression at the onset, but expression persisted to a lesser extent for complexes containing 40 ligands.
It is likely that protracted expression occurs because of continuing transcription from the plasmid, because the reported half-life of our reporter gene, firefly luciferase, in mammalian cells is 3 h. 17 In addition, delivery of plasmid via lipofectin results in expression which declines to background levels by 8 days, indicating that in our test cells, persistence of protein is not abnormally prolonged. This implies that in the complexes that give longer duration of expression, plasmid DNA must be protected from degradation. Protection of DNA against degradation by poly K condensation 4 may explain why tighter compaction may be less important for the initial entry into the cell than for the subsequent processing events. In such a scenario, tighter complexes would last longer within the cell, resulting in prolonged expression. Less compact complexes (more highly substituted) may be more susceptible to endonuclease degradation, resulting in short-lived expression. This may explain why com- plexes substituted to various extents with a given ligand, result in similar peak expression but varying duration of expression.
Complexes containing the different ligands, C105Y or C1315 to the same extent of substitution were similar in size and shape. The two ligands gave similar intensity of expression although receptor affinity is two-fold higher for C105Y. Duration of expression, however, was longer with C105Y. Thus, the statistical difference in duration of expression observed when different ligands were used (P Ͻ 0.001) appears to be independent of the extent of compaction. It is possible that the C1315 ligand traffics differently from C105Y, accelerating degradation of complex associated with it. Other receptors such as the transferrin 18 and epidermal growth factor 19 receptors have been shown to traffic different ligands differently. This may explain why maximal expression was observed at different days after transfection for different conjugate preparations (ie random substitution versus dilution experiments).
As few as five to eight ligands per complex are sufficient for optimal delivery. More ligands are not necessarily better, in this context. Although at first glance one might hope that more ligands on the surface of the complex might improve chances for binding and therefore uptake, ligand density may entrain intracellular trafficking and in this context high density is not necessarily favorable. For the EGF receptor, for example, low concentrations of ligand promote endosomal recycling but high concentrations of ligand promote routing to lysosomes. 19 The abundance of SEC-Rs in lung, liver, and brain, 14 all of which might be potential target tissues for therapeutic gene transfer in common inherited (eg ␣ 1 -antitrypsin deficiency) or acquired (eg Alzheimer's disease) disorders, has made it a desirable target for receptormediated gene therapy. The development of optimal complexes that produce high-level gene expression for shorter or longer periods of time, based on substitution rate or choice of ligand, will be useful in achieving optimal therapeutic effects.
Materials and methods
Materials DNA-modifying enzymes and nucleotides were purchased from Boehringer Mannheim (Indianapolis, IN,  USA) . Poly K polymers were obtained from Sigma Chemical (St Louis, MO, USA) and LC sulfo-N-succinimidyl-3-(2-pyridyldithio) proprionate (sulfo-LC-SPDP) was purchased from Pierce Chemical (Rockford, IL, USA). Luciferase activity was measured using Promega (Madison, WI, USA) assay reagents. Sephadex G-10 columns and Bradford protein assay reagents were obtained from BioRad (Richmond, CA, USA). Peptide C105Y (CS IPPEV KFNKP FVYLI) and C1315 (CFLE AIPMS IPPEV KFNKP FVFLI IHRD) were synthesized by solid phase method, purified and subjected to amino acid composition and sequence analysis as described previously. 10 The five amino acid binding motif, FVFLI, was shown previously to be sufficient for SEC-R binding. 12 
Cell culture
Human hepatoma cells were maintained as previously described 9 in RPMI media with 5% FCS. HuH7 cells (passage No. 4) were kindly provided by Dr J Perales (Cleveland, OH, USA) and the HuH7 cell line was previously shown to bind SEC receptor ligands C105Y and C1315. 9 Fresh medium was added every second day.
Design of the protein portion of the carrier-DNA complexes that target the SEC-R Coupling of the DNA-condensing agent, poly K, to the peptide used to target the SEC-R and condensation of the DNA by the peptide-based carrier into compact complexes are both required for efficient internalization via an endocytic pathway. Peptides C1315 and C105Y were covalently linked to poly K polymers (average polymer length 100 lysines) using the heterobifunctional crosslinking reagent sulfo-LC SPDP as previously described. 20 Aliquots of the polymers were mixed with three different concentrations of sulfo-LC SPDP in 0.1 m phosphate-buffered saline (PBS), pH 7.4, at room temperature for 30 min, at molar ratios of one sulfo-LC SPDP per 20 lysine residues (5%), one sulfo-LC SPDP per 10 lysine residues (10%), and sulfo-LC SPDP per three lysine residues (33%). The reaction mixtures were then dialyzed exhaustively to remove unreacted sulfo-LC SPDP and low molecular weight reaction products and samples reserved for NMR analysis. These polymer linker products were then split into six aliquots and conjugated to three different concentrations of C1315 or C105Y (0.1%, 0.5% and 1.5% molar ratio added ligand/lysine residue) at room temperature for 24 h. These conjugates were dialyzed to remove unreacted peptide and low molecular weight reaction products. Thus, 18 conjugates were produced; nine with C1315 and nine with C105Y (sulfo-LC SPDP/peptide molar ratios added per lysine residue: 5%/0.1%, 5%/0.5%, 5%/1.5%, 10%/0.1%, 10%/0.5%, 10%/1.5%, 33%/0.1%, 33%/0.5%, 33%/1.5%). These ratios refer to the moles of reactants mixed during substitution reactions: actual substitution was determined by NMR and is reported in the Results section.
Number of ligands required per complex for optimal gene delivery Poly K-SPDP-ligand conjugates were prepared with poly K of average molecular weight 22.5 (about 100 lysine residues per molecule), so that only a single SPDP moiety and a single ligand were conjugated to each poly K molecule (on average). Based on reaction efficiencies calculated using NMR analysis of the products from the above reactions, as shown in the Results section, reaction mixtures used to prepare these conjugates were as follows: a two-fold molar excess of sulfo-LC SPDP to poly K was conjugated to each of the polymers at room temperature for 30 min. The products were subjected to exhaustive dialysis against water to remove unreacted linker. Then a 50-fold molar excess of ligand (C105Y and C1315) to poly K was reacted with the modified polymer at room temperature for 24 h. Products of this final conjugation reaction were subjected to exhaustive dialysis to remove unreacted species. Composition of the substituted poly K was verified by NMR. Each of these monosubstituted poly K preparations was mixed with unsubstituted poly K of the same chain length in varying proportions. For instance, it requires 105 molecules of poly K, on average, to neutralize all the phosphate charge on the DNA from the 5.22 kb pGL3 control plasmid. Thus, the maximum number of ligands per plasmid DNA molecule for the 100 chain length poly K was 105, if there is one ligand per poly K molecule. If the conjugated polymers are mixed in a one to one molar ratio with unsubstituted poly K, there would be on average, 52-53 ligands per plasmid DNA molecule. In initial experiments, we prepared mixtures of poly K and poly K conjugates in proportion to give, on average, 5, 10, 20 and 40 ligands per plasmid DNA molecule and we condensed these mixtures with plasmid DNA and transfected the HuH7 cells as described below. After the optimal conjugate was identified in the initial experiments, subsequent experiments were performed with mixtures containing ligand numbers that bracketed the optimum.
Nuclear magnetic resonance (NMR) spectra
To verify the rates of substitution of the poly K polymers as well as examine the structure of each of the peptides, we used NMR. Aliquots (5-10 mg) of different conjugates were exhaustively dialyzed against water, lyophilized from water and subsequently from D 2 O, then resuspended in 0.75 ml of 99.99% D 2 O (Aldrich, Milwaukee, WI, USA), or 90% DMSO d6 /10% D 2 O. Proton NMR spectra were obtained at 600 MHz on a Varian Unity Plus 600 NMR spectrometer using standard proton parameters. Spectra acquisitions typically required between 0.5 and 16 h. Chemical shifts were referenced to the residual HDO resonance at approximately 4.8 ppm or the DMSO d6 multiplet at 2.5 ppm. Spectra of C1315 peptide and C1315/poly K conjugate were obtained in 90% DMSO d6 . Aliquots of dialysis bath water, as well as dialysis bag wash, were also lyophilized and examined by NMR to verify the absence of contaminants. NMR spectra were obtained for five of the constructed conjugates. The data were used to calculate an efficiency for each of the conjugation steps. There was close agreement in calculated efficiency among reactions containing similar ratios of sulfo-LC SPDP and poly K, expressed as lysine residues available. This calculated efficiency was then used to estimate the average rate of substitution for all the conjugates constructed (Table 1) .
Reporter genes and plasmid preparation The expression plasmid, pGL3 control (5.22 kb, Promega) contained the simian virus (SV40) promoter and enhancer ligated to the Photinus pyralis luciferase gene, inserted into the Escherichia coli pUC19 vector. The plasmid was grown in E. coli DH5␣, extracted, and purified twice on a CsCl density gradient. 21 Identity of the plasmids was confirmed by restriction endonuclease digestion and purity was established by 1.0% agarose gel electrophoresis.
Preparation of the C1315 and C105Y peptide-based DNA complexes The carrier-DNA complexes were prepared using general techniques previously described for the galactosylated poly K ligand. 5 Plasmid DNA was condensed by the slow addition (5 l over 5 min) of the C1315 and C105Y peptide carriers in the presence of 400 mm sodium chloride under constant vortexing at room temperature. The amount of carrier added was calculated by the amount of charge on poly K required to neutralize the negative charge on the phosphate groups of DNA. After the addition of the carrier to the DNA and the appearance of aggregates, the sodium chloride concentration in the solution was adjusted by the addition of small aliquots of 5 m NaCl. With the rise in ionic strength of the solution, the aggregated DNA complexes assumed a condensed state, and the turbidity of the solution cleared. 5 The final volume of the solutions was typically 500 l (0.5-1 g plasmid DNA/5 l), containing a mixture of 1:0.45 wt/wt DNA to peptide/poly K conjugate ratio in 0.8-1 m NaCl. This ratio of DNA to poly K is charge neutral. For controls, DNA was condensed in the same method with unconjugated poly K. Different final concentrations of NaCl were due to differences in the affinities of the different conjugates for DNA. 5 An aliquot of each of the reaction mixtures was examined under the electron microscope (EM) to assess condensation.
Electron microscopy of the condensed DNA complexes Micrograph grids were prepared as previously described. 3, 5 Briefly, immediately after formation of DNA complexes, a drop of a solution (1:10 dilution of complex mixture in water) was added to a 1000 mesh electron microscope carbon grid, blotted and stained with 0.04% uranyl acetate. The samples were then shadowed using rotary shadowing and examined using a JEOL-100C electron microscope. Fifty particles of a given complex preparation selected at random were measured to estimate complex size.
Atomic force microscopy (AFM) Samples were prepared on suitable substrate surfaces and scanned by atomic force microscopy as previously described. 22, 23 Briefly, immediately after formation of DNA complexes, a drop of the solution (1:100 dilution) was applied to the surface of a 2 cm × 2 cm Mica wafer. These samples were then dried for 3 h and scanned by a Nanoscope III atomic force microscope. The microscope is set so that the cantilever deflection maintains an applied force less than 10 nN; the force of adhesion is about 30 nN. Feedback gain and scanning speed are adjusted to minimize errors due to temporal response limitations. Samples scanned in solution were immersed in water in a sealed chamber, incubated for 1 h and then scanned. Images were transferred in binary format to a SPARC 10 Sun Microsystem workstation where they were converted to gray scale and analyzed. Fifty particles of a given complex preparation selected at random were measured to estimate complex size. Assay for luciferase expression Cells were harvested on days 2, 4, 10 and 16 after transfection with complexes containing pGL3 control, homogenized in lysis buffer (Promega) and incubated for 15 min. Lysates were then centrifuged at 12 000 g for 5 min and the supernatants were collected for assay. Aliquots (10 l) of cell lysate were analyzed for luciferase activity as previously described, 25 and normalized for protein content by the Bradford method (BioRad kit; Hercules, CA, USA). Results were expressed as the integrated light units (ILUs) per milligram protein. All measurements were done in duplicate and averaged.
Statistical analysis
Data are expressed as the mean ± the standard error of the mean (s.e.m.). Statistical analyses of treatment groups were assessed using a general linear modeling utilizing standard multiple regression techniques. 24 Residual analyses were conducted to assess validity of model assumptions, including normality and homoscedasticity. Logarithmic transformation 24 of the data was used to achieve satisfactory conformity with model requirements. This modeling approach was utilized for all analyses, including those related to the evaluation of random substitution, where the data were considered as a whole and for specific experimental modalities in order to assess the relationship between poly K size and the time of evaluation of response. The same approach was applied to the subset of the data from the dilution experiments which corresponded to concentrations of ligand to DNA mol-ecule common to the two ligands, and also separately to an extended series dilution for each ligand appropriate to that ligand's pattern of response.
